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The corona discharge used to generate positive and 
negative ions under conventional atmospheric pressure 
chemical ionization conditions also provides a source of 
gas-phase electrons. This is thought to occur by displace¬ 
ment of electrons from the nitrogen sheath gas. Therefore, 
suitable analytes can undergo electron capture in the gas 
phase In a manner similar to that observed for gas 
chromatography/electron capture negative chemical ion¬ 
ization/mass spectrometry. This technique, which has 
been named electron capture atmospheric pressure chemi¬ 
cal ionlzation/mass spectrometry, provided an increase 
in sensitivity of 2 orders of magnitude when compared 
with conventional atmospheric pressure chemical ioniza¬ 
tion methodology. It is a simple procedure to tag many 
biomolecules and drugs with an electron-capturing group 
such as the pentafluorobenzyl moiety before analysis. 
Pentafluorobenzyl derivatives have previously been used 
as electron capturing derivatives because they undergo 
dissociative electron capture in the gas phase to generate 
negative ions through the loss of a pentafluorobenzyl 
radical. A similar process was found to occur under 
electron capture atmospheric pressure chemical ioniza¬ 
tion conditions. By monitoring the negative ions that were 
formed, it was possible to obtain attomole sensitivity for 
pentafluorobenzyl derivatives of a representative steroid, 
steroid metabolite, prostaglandin, thromboxane, amino 
acid, and DNA-adduct. 


Liquid chromatography (LC) together with atmospheric pres¬ 
sure ionization (API)-based mass spectrometry (MS) methodology 
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has revolutionized our approach to the analysis of biomolecules 1-3 
and drugs.* 5 LC/atmospheric pressure chemical ionization (APCI)/ 
MS is a useful API technique because analyte signals are relatively 
insensitive to suppression by contaminants from the biological 
matrix 6-5 Therefore, this technique is often used for accurate and 
precise analyses of biomolecules, drugs, and their metabolites in 
biological fluids. Unfortunately, LC/APCI/MS methodology does 
not have the sensitivity to compete with gas chromatography/ 
electron capture negative chemical ionization (GC/ECNCI)/MS, 
which was introduced by Hunt and co-workers in 1976. 9 Therefore, 
GC/ECNCI/MS, which is a time-consuming and complex tech¬ 
nique, Is still the method of choice for the trace analysis of many 
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important biomolecules, drugs, and their metabolites.UD-t 2 The 
pioneering work of Horning et al. showed that ionization under 
APCI conditions was initiated by the N 2 + radical cation, which in 
turn was formed by collision of high-energy electrons from the 
corona discharge with the nitrogen sheath gas . 13 ' 14 However, the 
potential analytical utility of the low-energy electrons that also 
result from these collisions has not been recognized. It is 
conceivable that the low-energy electrons generated in the APCI 
source could potentially ionize suitable analytes through dissocia¬ 
tive electron capture. The ionization process would then be 
analogous to ECNCI in a conventional chemical ionization source . 9 
We report the finding that electron capture APCI (ECAPCI) can 
indeed be observed in the APCI source and that ultrahigh 
sensitivity can be obtained with suitable electron-capturing deriva¬ 
tives. We also describe the potential utility of the technique for 
the analysis of steroids, prostaglandins, and DNA—adducts in the 
attomole range. 

EXPERIMENTAL SECTION 

Apparatus. LC was performed on a Waters 2690 separation 
module equipped with an autosampler, a vacuum degasser, and 
a column heater (Waters, Milford, MA). This was coupled to a 
Finnigan TSQ 7000 triple-stage quadrupole mass spectrometer 
fitted with an APCI source (Finnigan Corp., San Jose, CA). The 
YMCbasic, YMC ODS-AQ, and silica columns were purchased 
from Waters. Evaporations under nitrogen were conducted using 
an N-evap analytical evaporator (Organomation, Berlin, MA). 
Precolumn filters (2 jm; were from Alltech, Deerfield, 1L. 

Reagents. Estrone, estradiol, 16a-hydroxyestrone, and 2-meth- 
oxyestrone were obtained from Steralolds Inc. (Newport RI). [ 2 H(]- 
estrone and [ 2 Hj] estradiol were obtained from CDN Isotopes 
(Quebec, Canada), Prostaglandin F l0 (PGFiJ and 11 dehydro- 
thromboxane B 2 (11 dehydro-TXB 2 ) were obtained from Cayman 
Chemical Co. (Ann Arbor, MI). Phenylalanine, diisopropylethyl- 
amine, and pentafluorobenzyl bromide (a-bromo-2,3,4,5, 6 -pen- 
tafluorotoluene) were obtained from Aldrich Chemical Co, (Mil¬ 
waukee, WI). HPLC grade water. Optima grade acetonitrile, 
methanol, and hexane were purchased from Fisher Scientific Co. 
(Fair Lawn, NJ), Ethanol was from Pharmco (Brookfield, CT). 
Ammonium acetate was obtained from j. T, Baker (Phillipsburg, 
NJ). The heptanone etheno- 2 '-deoxyguanosine adduct was syn¬ 
thesized in our laboratory , 19 

Derivatization. Estrone (100 ng. 370 pmol), 2-methoxyestrone 
(100 ng, 333 pmol), IBa-hydroxyestrone (100 ng, 350 pmol), pH«]- 
estrone (100 ng, 365 pmol), estradiol (100 ng, 368 pmol), PH 3 I- 
estradiol (100 ng, 364 pmol), 1 l-dehydro-TXB 2 (100 ng, 272 pmol), 
phenylalanine (100 ng, 290 pmol), or heptanone etheno-2'- 
deoxyguanosine (100 qg. 248 nmol) in acetonitrile (50 /rL) was 
treated with 50 /tL of PFB bromide in acetonitrile (1:19; v/v) 
followed by 50 /;!. of potassium hydroxide in anhydrous ethanol 
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( 8 : 1000 ; w/v). and the solution was heated at 60 °C for 30 min. 
The solution was allowed to cool, evaporated to dryness under 
nitrogen at room temperature, and redissolved in methanol/water 
(7:3; v/v) for reversed-phase conditions or hexane/ethanol (97:3: 
v/v) for normal-phase chromatography ready for LC/MS analysis. 
PGFj a (100 ng, 281 pmol) in acetonitrile (50 ^tL) was treated with 
50 n L of PFB bromide in acetonitrile (1:19; v/v) followed by 50 
,uL of diisopropylethylamine in acetonitrile (1:9; v/v). The solution 
was heated at 65 °C for 60 min, allowed to cool, evaporated to 
dryness under nitrogen at room temperature, and redissolved in 
methanol/water (7:3) ready for LC/MS analysis. 

Mass Spectrometry. The mass spectrometer operating condi¬ 
tions were as follows: vaporizer temperature 475 °C, heated 
capillary at 300 °C, with the corona discharge needle set at 16 
,uA. The sheath gas (nitrogen) and auxiliary gas (nitrogen) 
pressures were set at 34 psi and 10 (arbitrary units), respectively, 
collision-induced dissociation (CID) was performed using argon 
as the collision gas at 2.9 mTorr in the second (rf-only) quadru¬ 
pole. For full-scan and selected reaction monitoring (SRM) 
analyses, unit resolution was maintained for both parent and 
product ions. The method was robust; any minor deposits on the 
corona discharge needle were removed each morning after 
operating for 24 h. 

Liquid Chromatography. The volume for all sample injections 
on the LC was 10 fiL. Gradient elutions were performed in the 
linear mode. Systems 1-4 used a YMCbasic column (150 x 4.6 
mm, i.d., 5 ,um) at a flow rate of 1.0 mL/min. Solvent A was water 
and solvent B was methanol. The column was allowed to 
equilibrate for 5 min after each gradient elution. The gradient for 
system 1 was 70% B for 2.5 min, followed by a gradient to 100 % B 
over 4.5 min, which was held at 100% B for 4 min before returning 
to starting conditions over 2 min. The gradient for system 2 was 
70% B for 2.0 min, followed by a gradient to 100% B over 14.0 
min, which was at 100% B for 1 min before returning to starting 
conditions over 3 min. The gradient for system 3 was 75% B for 
1,0 min, followed by a gradient to 100% B over 1.5 min, which 
was held at 100% B for 2.5 min before returning to starting 
conditions over 1 min. The gradient for system 4 was 35% B for 
1.5 min, followed by a gradient to 100 % B over 4.5 min, which 
was held at 100% B for 5 min before returning to starting 
conditions over 3 min. Chromatography system 5 employed a 
YMC ODS-AQ column (150 x 2.0 mm, i d.; 5 /,<m) at a mobile- 
phase flow rate of 0.2 mL/min with a postcolumn addition of 0.8 
mL/min methanol. Solvent A was water and solvent B was 
acetonitrile. Gradient elution for system 5 was as follows: a 
gradient was run from 25% to 65% B over 8 min, followed by a 
second gradient to 100% B over 2 min before returning to the 
starting conditions over 4 min. Chromatography system 6 used a 
normal-phase isocratic mobile phase of hexane/ethanol (97:3; v/v). 
Chromatography was conducted on a silica column (150 x 2 mm 
i.d.; 120 A, S-5) at a flow rate of 0.2 mL/min with a postcolumn 
addition of methanol (0. 8 mL/min). 

LC/ECAPCI Analysis of Estrogens. LC/SRM/MS was 
conducted using 50 pg of each estrogen as its PFB derivative. 
The following SRM transitions were monitored: lBa-hydroxy- 
estrone-PFB m/z 285 — 145 (collision energy 45 eV). 2 -methox- 
yestrone-PFB m/z 299 ■ 284 (collision energy 24 eV), estrone- 
PFB m/z 269 —- 145 (collision energy 40 eV), pHJestrone-PFB, 
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ated from the corona discharge interact with nitrogen, which is used 
as the sheath gas, to generate radical cation and low-energy thermal 
electrons. These low-energy thermal electrons interact with estrone 
PFB-ether in the APCI source. Dissociative electron capture would 
result in the formation of an intense negative ion for estrone at m/z 
269. Under conventional positive APCi conditions, a protonated 
molecular ion would be observed at m/z 451, 




Figure 3, (A) LC/ECAPCI/MS chromatogram of 10 pg of estrone 
on column with a retention time of 8.73 min. Chromatography was 
performed using system 1. (B) Product ion spectra from CID of [M — 
PFB] - ion mlz 269 at a collision energy of 44 eV. 



Figure 2. (A) ECAFCI mass spectrum of estrone-PFB. (B) Positive 
APCI mass spectrum of estrone-PFB. 

m/7273 — 147 (collision energy 41 eV), estradiol-PFB m/z271 
— 183 (collision energy 52 eV), and PH 3 ] estradiol-PFB m/z 274 
—-185 (collision energy 48 eV). 

RESULTS AND DISCUSSION 

LC/ECAPCI/MS. If electron capture could occur in the APCI 
source, suitable analytes would undergo dissociative electron 
capture. This is illustrated in Figure 1 for the PFB ether derivative 
of estrone. The ionization process would then be analogous to 
ECNCI in a conventional chemical ionization source . 9 When 
estrone-PFB was analyzed under negative APCI conditions, an 
intense ion was observed at m/z 269 (Figure 2A), corresponding 
to the loss of a PFB radical from the molecular ion [M] - . If 
conventional APCI had occurred, then an [M - HI" ion would 
have been observed at m/z 449. In fact, when estrone-PFB ether 
was analyzed by positive APCI, the expected mass spectrum was 
obtained in which MH + was observed as a major ion at m/z 451 


(Figure 2B). Therefore, under negative APCI conditions, dissocia¬ 
tive electron capture had indeed occurred to form an intermediate 
radical anion, which after loss of the PFB radical produced an 
intense [M — PFB] - negative ion at m/z 269 (Figure 1). 
Importantly, the structural integrity of the steroid molecule was 
maintained during the electron capture process. These data 
convincingly demonstrated that a novel ionization process had 
occurred, which we have termed ECAPCI. 

Analysis of Estrone-PFB by LC/ECAPCI/MS. Analysis of 
estrone-PFB by LC/ECAPCI/MS using gradient system 1 re¬ 
vealed that the derivative had excellent chromatographic proper¬ 
ties under reversed-phase conditions (Figure 3A). The mass 
spectrum obtained by CID and MS/MS analysis of (M - PFB]' 
from estrone-PFB (m/z 269) is shown in Figure 3B. The product 
ion spectrum was essentially identical with that observed from 
underivatized estrone. A major product ion was observed at m/z 
145, which resulted from fragmentation in the C-ring of the steroid 
molecule. SRM was then performed on the transition m/z 269 —» 
145, To determine the limit of detection for estrone as its PFB 
derivative, a blank injection was first performed monitoring the 
transition m/z 269 —145. No signal was observed at the retention 
time of estrone-PFB (Figure 4A upper). A sample of 200 fg (740 
amol) of estrone as its PFB was then analyzed. A response was 
observed at the retention time for estrone-PFB with a signal/noise 
ratio (S/N) of “-’5:1 (Figure 4A lower). The response was linear 
over at least 3 orders of magnitude (Figure 4B). 

Analysis of Estrogen-PFB Derivatives by Reversed-Phase 
LC/ECAPCI/MS. One of the advantages of LC/MS over other 
high-sensitivity techniques (such as immunoassays) is the ability 
to perform quantitation of more than one compound in a single 
analytical procedure. We have tested the utility of LC/ECAPCI/ 
MS for multicompound determinations by analyzing a mixture of 
estradiol and its metabolites. These biomolecules were chosen 
because of our interest in the potential role of estrogen metabolism 
in carcinogenesis 16 ' 17 and because estrogens represent one of the 

(16) Service, R. F. Science 1998, 279, 1631-3, 
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Figure 4. (A) Limit of detection determination of estrone. Top 
panel: 10 fiL of solvent blank injected preceding to the LOD 
determination. Bottom panel: 200 fg (740 amol) of estrone on column 
with signal-to-noise ratio of 6:1 .Chromatography was performed using 
system 1. (B) Standard curve for the analysis of estrone In the range 
of 200 fg to 100 pg. The insert shows the linear range of 200 fg to 10 
PS. 


most widely prescribed categories of drugs. 18 Ultrahigh sensitivity 
detection is necessary because of the Very tow concentrations of 
ptasma estrogens, 19 PFB derivatives of 16ct-hydroxyestrone, 
2-methoxyestrone, estrone, and estradiol were formed in es¬ 
sentially quantitative yield. pHdEstrone and [ 2 H 3 ]estradiol were 
included in the steroid mixture because they will be employed as 
Internal standards in future quantitative assays. SRM analyses 
were performed using the transition from [M - PFB] to a major 
product ion. Under reversed-phase conditions using gradient 
system 2, complete separation was accomplished between all of 
the steroids within a 13-min run time (Figure 5). The estrogen 
PFB derivatives were detected with high sensitivity, The signal 
from 2-methoxyestrone was particularly impressive: an injection 
of 50 fg (170 amol) was readily detected (Table I). 

Analysis of Estrogen-PFB Derivatives by Normal -Phase 
LC/ECAPCI/MS, One of the potential advantages of ECAPCI/ 
MS is the ability to employ normal-phase solvents. This would 
greatly extend the range of available stationary phases by which 
ultrahigh sensitivity analyses could be conducted. In particular, 
it would allow isomeric analytes such as prostaglandins and 
hydroxyelcosatetraenoic acids that are poorly separated under 
reversed-phase conditions to be readily separated. Furthermore, 
it would make it possible to use a wide range of chiral columns 
that are normally restricted to normal-phase solvents. The ability 
to analyze PFB derivatives under normal-phase conditions was 
tested using the same estrogen mixture that was employed for 
reversed-phase chromatography. Using the hexane/ethanol LC 
system 6, it was possible to completely separate the estrogen 
PFB derivatives in a manner analogous to that accomplished under 
reversed-phase conditions (Figure 6). The sensitivity with which 
these analyses were accomplished was almost identical Although, 
a postcolumn addition of methanol was employed in this experi¬ 
ment, subsequent studies have shown that this is unnecessary. 
The limits of detection using normal-phase solvents are essentially 
identical with those observed for reversed-phase conditions. 

(18) Shen, L.: Qui, S.; Chen, Y.; Zhang, F.; van Breemen, R. B.: Nikolic, D.; 

Bolton, J. L. Chem. Res Toxicol. 1998. 11. 94-101. 

(19) Matsuhashi. N.; Nakajtma, A.: Fukushtma, Y.: YazakJ. V.; Oka, T. Cut 1997, 

40, 344 - 9. 
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Figure 5. Reversed-phase separation of PFB derivatives of estradiol 
(50 pg) and its metabolites (50 pg of each) by LC/ECAPCI/SRM/MS 
using chromatography system 2. (a) 10a-hydroxyestrone-PFB, reten¬ 
tion time 9.42 min, monitoring the transition m/z 285— 145 at a 
collision energy oi 45 eV; (b) 2-methoxyestrone-PFB, retention time 
10.70 min, monitoring the transition m/z 299— 284 at a collision 
energy of 24 eV; (c) estrone-PFB, retention time 11.84 min, monitoring 
the transition m/z 269— 145 at a collision energy of 40 eV; (d) pHa]- 
estrone-PFB, retention time 11.79 min, monitoring the transition m/z 
273—147 at a collision energy of 41 eV; (e) estradiol-PFB, retention 
time 12.26 min, monitoring the transition m/z 271— 183 at collision 
energy of 52 eV; and (f) pl-Ujestradiol-PFB, retention time 12.23 min, 
monitoring the transition m/z 274— 185 at collision energy of 48 eV. 


Table 1. Limits of Detection Using APCI and ECAPCI 
for Selected Analytes 


analyte 

negative APCI a 
LOD (fmol) 

ECAPCI 1 ' 
LOD (amol) 

Increased 

sensitivity^ 

estrone 

18.52 

740 

25-fold 

2 -meUioxy es tr o ne 

8.33 

170 

50-rold 

prostaglandin Fj ft 

7.02 

140 

50-fold 

ll-dehydro-TXBz 

54.35 

540 

100-fold 

phenylalanine • 

60.61 

610 

100 fold 

hepatanone e-dGuo 

62.03 

710 

100-fold 


’ Underivatized analyte. 8 PFB derivative. c Negative ion APCI of 
undsrivatized analyte compared With ECAPCI of PFB derivative. 


Analysis of DNA Adduct PFB Derivatives by LC/ECAPCI/ 
MS. Another area where there Is a compelling need for high 
sensitivity is in the analysis of DNA-adducts. Currently, GC/ 
ECNC1/MS is the method of choice because of its exquisite 
sensitivity. 12 Unfortunately, it is first necessary to remove the 2'- 
deoxyribose moiely prior to the analysis of DNA adducts because 
of its poor volatility. This is particularly problematic for urinary 
DNA adducts because it becomes impossible to determine 
whether an adduct is derived from DNA or RNA. We have recently 
demonstrated that lipid hydroperoxides undergo a specific ho- 
molytic decomposition to generate 4-oxo-2-nonenai. 15 This novel 
bifunctional electrophile efficiently forms a substituted etheno (c) 
adduct with 2'-deoxyguanosine (dGuo) similar to that obtained 
with 4-oxo-2-pentenal. 20 We required a highly sensitive method 
for analysis of the heptanone e-dCuo adduct in order to determine 
whether it was formed in vivo. Our previous studies have 
demonstrated that malondiaidehyde (another product of lipid 
peroxidation) can form an adduct with dGuo (MiG) in vivo. 81 ' 22 

(Z0) Liu, Z.: YoungScfame. R.: Hecht.S. S. Chem. Res. Toxicol. 1996. 9, 774- 
80, 
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Figure 6. Normal-phase separation of PFB derivatives of estradiol 


and Its metabolites by LG/ECAPCI/SRM/MS using chromatography 
system 6. MS conditions were the same as described for Figure 5. 



m/z 


Figure 7. (A) Positive APCI mass spectrum of heptanone «-dGuo, 
(B) Positive APCI mass spectrum of heptanone r-dGuo-PFB. 


The ability to monitor both MiG and the substituted e-dGuo in 
vivo would provide a powerful molecular dosimeter with which 
to elucidate the role of lipid peroxidation-mediated damage to DNA 
in carcinogenesis. LC/MS analysis in the positive APCI mode 
showed the expected MH+ ions for heptanone e-dGuo (Figure 
7A) and its PFB derivative (Figure 7B) at m/z 404 and 584 : 
respectively. However, under negative APCI conditions, both 
heptanone e-dGuo (Figure 8A) and its PFB derivative (Figure 8B) 
showed tlie same intense negative ion at m/z 402. This provided 
clear evidence that the PFB moiety was lost under negative ion 
conditions and that dissociative electron capture had occurred. 
CID and MS/MS analysis of m/z 402 revealed two major product 
ions at m/z 286 and 188 (Figure 9A). LC/MS analysis under 
negative ion conditions revealed that the PFB derivative had 
excellent LC properties (Figure 9B), LC/SRM/MS analysis of the 
specific transition m/z 402 — 286 using gradient system 5 provided 
a limit of detection of 100 fg (710 amol) on column (Table 1). A 
linear response was obtained when increasing amounts of the 
heptanone e-dGuo-PFB derivative (100 fg to 10 pg) were analyzed 
(Figure 9C). 

Analysis of Prostaglandin-, Thromboxane-, and Phcnyl- 
alanine-PFB Derivatives by LC/ECAPCI/MS. There are nu 

( 21 ) Chaudhary, A. K.; Nokubo, M.; Mamett, L. J.; Blair, I. A. Biol. Mass 

Spectrem. 1994, 23. 457—G4. 

(22) Chaudhary, A. K.; Nokubo. M.: Reddy, G. R.: Yeola, S. N.; Morrow. J. D.: 

Blair,!. A; Mamett, L. J. Science 1994, 265, i530- 2. 



Figure 8 . (A) Negative APCI mass spectrum of heptanone e-dGuo. 
(B) ECAPCI mass spectrum of heptanone c-dGuo-PFB. 



retention time (min) heptanone-s-dGuo (pg) 

Figure 9. (A) CID and MS/MS analysis of the intense [M - PFBJ- 
lon m/z 402 from the substituted e-Guo-PFB Isolated from the reaction 
of 4-oxononenal with Guo. (B) Total ion current chromatogram from 
LC/ECAPCI/MS analysis of heptanone-e-dGuo-PFB (10 ng). LC was 
performed using chromatography system 5. (C) Standard curve for 
the analysis of heptanone e-dGuo-PFB using LC/ECAPCt/SRM/MS 
monitoring m/z 402 — 286 in the range of 100 fg to 10 pg. 


merous other important potential applications of the ECAPCI/ 
MS methodology, Three areas that will be of immediate utility 
will be for PGs, TXs, and amino acids. To date, there lias been a 
paucity of uitrahigh sensitivity LC/MS determinations of PGs, TXs, 
and amino acids because current API-based ionization techniques 
cannot compete with GC/ECNCI/MS for sensitivity and specific¬ 
ity. Limits of detection were determined for PGFi a , 11-dehydro- 
TXBz, and phenylalanine as representatives of the three different 
classes of biomolecules (Table 1). Intense [M — PFB]“ ions were 
observed for PGFia-PFB, ll-dehydro-TXB r PFB, PA-bis-PFB at 
m/z 355, 367, and 344, respectively. CID and MS/MS analysis 
was performed on the [M - PFB]" ions from each analyte. 
Specific product ions were then chosen for LC/SEM/MS analysis 
in order to determine the limit of detection for each anaiyte. Using 
the transitions m/z 355 — 311 for PGFj^-PFB and m/z 367 — 305 
for 1 l-dehydro-TXB 2 -PFB on gradient system 3, limits of detection 
were 50 fg (140 amol) for PGFm (Figure 10A; lower) and 200 fg 
(540 amol) for 11-dehydro-TXBz (Figure 10B; lower). Using the 
SRM transition m/z 344 — 295 for phenylalanine-bis-PFB on 
gradient system 4. a limit of detection of 100 fg (610 amol) was 
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Figure lo. LC/ECAPCI/SRM/MS analysis for the limit of detection of a representative prostaglandin, thromboxane, and amino acid. (A) Top 
panel: 10 gLof blank solvent injection. Bottom panel: 50 fg (140 amol) of prostaglandin PGFt 0 on column monitoring the transition m/z 355— 
311 at collision energy of 25 eV using chromatography system 3. (B) Top panel: 10/iL of solvent blank. Bottom panel: 200 fg (540 amol) of 
11-dehydrothromboxane B 2 on column monitoring the transition rr/z 367— 305 at collision energy of 21 eV using chromatography system 3 (C) 
Top panel: 10 /rL of solvent blank. Bottom panel: 100 fg (610 amol) of phenylalanine-mono-PFB monitoring the transition m/z 344—- 296 at 
collision energy of 17 eV using chromatography system 4. 


obtained for phenylalanine (Figure 10C; lower). Before each 
injection, a blank sample was injected in order to show that there 
was no Interference at the retention time of each particular analyte 
(Figure 10A-C; upper). A linear response for each of these 
analytes was observed over 4 orders of magnitude (data not 
shown). 

Optimization of LC/ECAPCI/MS Sensitivity. No modifica¬ 
tions were made to the commercial APd source. Attomoie 
sensitivity was attained with a number of biomolecules and drugs 
using standard conditions and flow rates as noted below, LC flow 
rates of up to 1 mL/min were obtained with reversed-phase 
solvents that contained 60-100% methanol. The methanol content 
of the LC mobile phase was readily adjusted by the use of 
postcolumn solvent addition. For normal-phase solvents, flow rates 

of up to 0.3 mL/min were used without any reduction in response. 
Substitution of air, oxygen, or inert gases such as helium and 
argon for the nitrogen sheath gas caused a substantial reduction 
or elimination of the signal. The position of the corona discharge 
needle was not optimized because these studies were performed 
using a commercial APCI source. Therefore, it is conceivable that 
further increases in sensitivity may be possible as a result of 
improved source design. The corona discharge current was shown 
to affect sensitivity with an optimal setting of 10—16 «A. Overall 
improvements in sensitivity for a range of analytes when compared 
with conventional APCI methodology ranged from 25- to 100-fold 
(Table 1). 

Comparison with GC/MS. Previous GC/ECNCl/lvlS studies 
have demonstrated that extremely high sensitivity can be attained 
with analytes that provide a large cross section for the capture of 
low-energy electrons. 9 A number of electron capturing derivatives 
have been reported for the analysis of biomolecules and drugs 
including triiluoroacetyi (melatonin), 22 PFB (barbiturates, DNA 
adducts, prostaglandins (PGs), leukotrienes (LTs), epoxyeicosa- 
trienoic adds (EETs), isoprostanes], 19 ' 12 ' 2,1 ' 25 pentafluorobenzoyi 

(23) Lewy, A. J.: Markey, S. P. Science 1073. 201, 731-3. 

(24) Prakash, C.: Adedoyin. A.: Wilkinson. G. R; Blair, t. A. Biol. Max Spectrom. 

1991, 2(7, 559-61. 
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(platelet activating factor), 26 bis(trifluoromethylbenzyl) [throm¬ 
boxanes (TXs) and PGs], 27 heptafluorobutyryl (aromatic a mines), 25 
pentafluorodimethylsilyl (sterols), 29 pentafluorophenyl (protein 
adducts), 30 pentafluorobenzyl-l,2,4-trlazoline-3,5-dione (vitamin D 
analogues), 21 and pentailuorobenzyloxycarbonyl (amino acids), 22 
and many of them have been used for ultrahigh sensitivity GC/ 
ECNCI/MS analyses. 10 ' 12 ' 2 '- 25 - 27 ' 20 ' 32 PFB derivatives have found 
the widest application in GC/MS studies because they are simple 
lo prepare and they confer excellent electron capturing properties 
to tiie analyte. 9,11 ' 12 This derivative was also found to undergo 
efficient dissociative electron capture in the APCI source. 

An attractive feature of the LC/ECAPCI/MS method is that 
thermally labile and/or polar molecules can be readily analyzed 
with high sensitivity. This is generally not possible with GC/MS. 
For example, it is impossible to distinguish DNA adducts from 
RNA adducts in the urine as it is necessary to remove the Z'- 
deoxyribose sugar before analysis by GC/MS. 33 LC/ECAPCI/MS 
analyses can be readily performed with high sensitivity and 
specificity for both DNA and RNA adducts without removal of 
the sugar moiety. Therefore, high-sensitivity analyses of intact 
urinary DNA adducts will now be possible for the first time using 
this new technique. Another major advantage of the LC/MS 
method is the capacity of LC to tolerate excess derivatization 
reagents when compared with a GC. Furthermore, when multiple 


(25) Waugh, R. J.; Morrow. J. D.: Roberts. L. j., II; Murphy, R. C. Free Radical 
Biol. Med. 1997, 23, 943-54. 

(26) Ramesha. C. 5.; Pickett, W. C. Biomed. Environ. Mass Spectrom. 19S6, 
73, 107-11. 

(27) Barrow, S, Ward, P. S.; Sleighthoim, M, A.; Ritter, J. M.; Dollery, C. T. 
Biochlm. Blophys. Acta 1989, 993, 121—7. 

(28) Longo, M.; Cavaliaro, A. J. Chromatogr., A 1996, 753, 91—100. 

(29) Jayasinghe, L. Y.; Marriott, P. j.: Carpenter, P. D.; Nichols, P. D. J. 
ChromMogr.. A 1998, 809. 109-20. 

(30) Ranasinghe, A.: Scheiicr, N,; Wu, K. Y.: Upton. P. B.; Swenberg, J. A. Cbem. 
Res Toxicol. 1998, 11, 520-6. 

(31) Wang, K.: Davis, P. P.; Crews, T.: Crabriel, L.; Edom. R. W. Anal. BiOchem. 
1996, 243. 28-40. 

(32) Simpson, J. T.; Tcirok, D. S.; Girard. J. E.; Markey, S. P. Anal. Blochem. 
1996. 233 58-66. 

(33) Shuker, D. E. G.; Fanner, P. B. Chem. Res. Toxicol 1992, 5, 450-60. 
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biological samples are analyzed, injector fouling is often observed 
in GC/MS analyses, which can cause a decrease in sensitivity 
and subsequent loss of analytical data. This is not a problem for 
LC/MS-based assays. 

CONCLUSIONS 

Attomole sensitivity was obtained for the analysis of penta- 
fluorbenzyl derivatives of steroids, PGs, TXs, amino acids, and 
DNA adducts. We anticipate that this ionization technique, which 
we have termed LC/ECAPCI/MS, will rapidly displace GC/MS 
for the trace analysis of a wide range of other biomolecules. High- 
sensitivity analyses will be possible for Ilpoxins, EETs, hydroxy- 
eicosatetraenolc acids. LTs, isoprostanes, lipids, folates, peptides, 
and protein adducts. It will also impact significandy on methodol¬ 
ogy for the trace analysis of drugs such barbiturates, valproate, 
methotrexate, and 6-mercaptopurine. The sensitivity of LC/ 
ECAPCI/MS under normal phase conditions using hydrophobic 
solvents such as hexane is similar to (or better than) that obtained 


under reversed-phase conditions. This will allow additional flex¬ 
ibility in the trace analysis of biomolecules and drugs because 
chromatography can be performed on reversed-phase Columns, 
conventional silica columns, multiple silica columns in series, or 

normal-phase chiral columns. Finally, LC/ECAPCI/MS will confer 
enhanced specificity for biomolecule analysis because it will be 
possible to develop assays for several electron-capturing deriva¬ 
tives that have different LC retention times. 
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